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Summary 
We previously identified possible intermediates in 
V(D)J recombination at the TCRG locus and character- 
ized molecules with signal ends and wfth covalently 
sealed (halrpln) coding ends in thymocytes of scid 
mice by Southern blotting. Here, we use a sensftive 
ligation-mediated PCR assay to demonstrate that all 
coding ends detected in scid thymocytes are cova- 
lentiy sealed. Neither coding nor signal ends exhibit 
loss or addition of nucieotides. These data imply that 
hairpin formation is coupled to the initial cleavage at 
the signal/coding border, and that the cleavage step 
in V(D)J recombination is conservative. in scid/+ or 
wild-type thymocytes, hairpin coding ends are at least 
1MMkfold less abundant than signal ends. These re- 
suits provide inslght into the mechanism of V(D)J re- 
combination. 
introduction 
T cell receptor (TCR) and immunoglobulin variable region 
genes are encoded in germline DNA as discrete elements, 
termed variable (V), diversity (D), and joining (J), that are 
assembled during lymphocyte development by a special- 
ized DNA rearrangement process known as V(D)J recom- 
bination (Tonegawa, 1983). The reaction involves recog- 
nition of recombination signal sequences, short DNA 
elements consisting of conserved heptamer and nonamer 
motifs separated by nonconserved spacer regions of 12 or 
23 nt (reviewed by Lewis, 1994a). Although the molecular 
details of the mechanism are not known, introduction of 
adouble-strand break (DSB) precisely between the recom- 
bination signal and the adjacent coding element is likely 
to be an early step in the reaction (Alt and Baltimore, 1982). 
Double-strand cleavage generates two sets of DNA ter- 
mini: coding ends and signal ends. Junctions formed by 
joining of coding ends (coding joints) are typically impre- 
cise, owing to loss of nucleotides, or insertion of extra 
nucleotides, or both. In contrast, junctions produced by 
joining of signal ends (signal joints) are much more pre- 
cise, as nucleotide loss is exceptionally rare (Lieber et al., 
1988). The asymmetry of these reaction products (Lewis 
et al., 1985) suggests that coding and signal ends are 
processed differently. 
The recent discovery of DNA molecules containing site- 
specific DSB precisely at recombination signal sequences 
at the TCRG locus in mouse thymocytes (Roth et al., 
1992a, 1992b, 1993) and at the immunoglobulin JH and 
J. loci (Schlissel et al., 1993) supports the double-strand 
cleavage model. The tissue distribution and structural fea- 
tures of these broken molecules suggest that they are 
intermediates in V(D)J recombination (Roth et al., 1992a, 
1993; Schlissel et al., 1993). We have previously demon- 
strated that the majority of signal ends at the TCR D62 
element are blunt and retain the entire nucleotide se- 
quence of the recombination signal (Roth et al., 1993). 
This suggests that cleavage is precise, in agreement with 
the high degree of conservation of nucleotides at signal 
joints. Although molecules with signal ends are quite abun- 
dant (approximately 2% of thymocyte DNA is cleaved at 
the TCR D62 gene segment), molecules with coding ends 
were not detected (Roth et al., 1992a). 
Further evidence for asymmetric processing of coding 
and signal ends is provided by analysis of the recombina- 
tion defect in mice homozygous for the scid mutation (scid 
mice) (Bosma et al., 1983). In these animals, defective 
V(D)J recombination results in arrested B and T cell devel- 
opment, giving rise to a severe combined immunodefi- 
ciency (reviewed by Bosma and Carroll, 1991). Although 
signal joints form with relatively normal efficiency, the fre- 
quency of coding joint formation is severely impaired in 
scid mice (Lieber et al., 1988). This suggests that the scid 
mutation specifically impairs the joining of coding ends. 
However, abnormal loss of nucleotides from signal junc- 
tions has been reported (Lieber et al., 1988; Blackwell et 
al., 1989; Ferrier et al., 1990) indicating that either the 
precision of cleavage at recombination signals or the fidel- 
ity of signal end joining may be affected by the sciddefect. 
In thymocytes of scid mice, unlike wild-type mice, DNA 
molecules with coding ends are roughly as abundant as 
signal ends (Roth et al., 1992b). Molecules with coding 
ends are resistant to exonuclease treatment, and exhibit 
a distinctive migration pattern through two-dimensional 
native/alkaline agarose gels (Roth et al., 1992b), indicating 
that most, if not all, of the coding ends terminate in a hairpin 
structure in which the two strands are covalently sealed. 
Hairpin coding ends may also be intermediates in coding 
joint formation in normal cells (Roth et al., 1992b, 1993). 
The accumulation of hairpin coding ends in scid thymo- 
cytes supports the hypothesis that the scid defect may 
block the hairpin opening reaction (Lieber, 1991; Roth et 
al., 1992b), although other possibilities have not been ex- 
cluded (Lewis, 1994a, 1994b; see Discussion). 
Although characterization of broken DNA molecules by 
Southern blotting has provided useful insights into the 
mechanism of V(D)J recombination and the nature of the 
sciddefect, a number of important questions could not be 
addressed due to technical limitations of the assay. For 
example, it was not possible to define precisely the struc- 
ture of the hairpin ends or to determine whether a minority 
of coding ends might not terminate in hairpins. In particu- 
lar, the limited sensitivity of the Southern blotting tech- 
niques used in our previous studies (Roth et al., 1992a, 
1992b) may have precluded the detection of low levels of 
coding ends in wild-type thymocytes. 
In this study, we employ a novel technique that allows 
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(A) A map of mouse TCR S locus showing D2 
and Jl elements. The recombination signals 
with 23 and 12 nt spacers are designated by 
closed and open triangles, respectively. Cod- 
ing elements are represented by rectangles. 
Signal and coding ends resulting from cleav- 
age at the recombination signals are illus- 
trated. P and R represent restriction sites for 
Pstl and Rsal, respectively. Also shown are the 
locations of the PCR primer (arrow) and the 
oligonucleotide used as the hybridization 
probe (line marked with asterisk). 
(8) Schematicdiagram of LMPCR-based assay 
for hairpin coding ends. LMPCR involves liga- 
tion of a double-stranded oligonucleotide liga- 
tion primer to a broken end, followed by PCR 
amplification using a primer that hybridizes to 
the gene of interest and a second primer that 
recognizes the ligated oligonucleotide tag (for 
details, see Experimental Procedures). Be- 
cause the ligation primers do not contain 5’ 
phosphor-y1 groups, the 5’terminus of the bro- 
ken end must be phosphotylatedfor ligation to 
occur. As shown on the left, signal ends can 
ligate to the primers and generate a 119 bp 
product upon PCR amplification. Hairpin cod- 
ing ends cannot participate in the ligation reac- 
tion, and are therefore not amplified. However, 
as shown on the right, opening hairpins by en- 
donucleolytic cleavage (for example, by treat- 
ment with mung bean nucleaseor Pl nuclease), 
allows coding ends to be ligated and amplified, 
giving rise to a 135 bp product. Symbols are 
as follows: triangles, signal ends; rectangles, 
coding ends; p. 5’ phosphate; arrows, PCR primers; heavy lines, ligation primers, 
(C) LMPCR assay for coding ends in scid thymocytes. The following DNA samples (1 pg each) were assayed by LMPCR: untreated (lane I), T4 
DNA polymerase pretreated (designated T4pol.; lane 2), mung bean nuclease pretreated (designated MBN; lane 3) and mung bean nuclease 
plus T4 DNA polymerase treated (lane 4). PCR products were separated by electrophoresis through a 6% polyacrylamide gel, electrophoretically 
transferred to a nylon membrane, and visualized by hybridization to an end-labeled oligonucleotide probe. The expected sizes of products derived 
from D2 signal and D2 coding ends are indicated. The leftmost lane contains radiolabelled size markers (1 kb ladder; GIBCO BRL). 
(D) Control experiment to test the activity of T4 DNA polymerase. BALB/c testis DNA (1 ug) was digested with either Pstl or with Rsal. After 
digestion, half of each sample was treated with T4 DNA polymerase, followed by LMPCR. Pstl digestion generates ends with 3’ extensions, which 
cannot be detected by LMPCR (lane 2). T4 DNA polymerase treatment converts these termini to blunt ends that are detectable by LMPCR, 
producing a 172 bp product (lane I). Rsal digestion generates blunt ends, which can be detected by LMPCR with or without T4 DNA polymerase 
treatment, producing a 164 bp product (lanes 3,4). 
Figure 1. The LMPCR Assay for Signal and 
Coding Ends at the TCR DS2 Locus 
hairpin termini to be detected by ligation-mediated poly- 
merase chain reaction (LMPCR), together with a variety 
of methods to detect nonblunt and dephosphorylated 
ends. We used these assays, which are at least 1 ,008fold 
more sensitive than Southern blotting, to examine thymo- 
cyte DNA from wild-type and scid/+ mice for the presence 
of hairpin and nonhairpin coding and signal ends. The 
following questions are addressed. What is the structure 
of hairpin termini? What coding end structures are present 
in thymocytes of scid, wild-type, and scid/+ mice? Does 
the scid mutation affect the structure of signal ends? The 
information derived from these experiments further con- 
strains possible mechanisms of V(D)J recombination. 
Results 
A Ligation-Mediated PCR Assay for Hairpin Ends 
We have previously used the mouse TCRS locus as a 
model system for studying double-strand breaks associ- 
ated with V(D)J recombination. This locus has a simple 
structure (two D and two J elements) and is recombina- 
tionally active in thymocytes of fetal, newborn, and young 
adult wild-type mice and in thymocytes of scid mice (Chien 
et al., 1987a, 1987b; Elliott et al., 1988; Carroll and Bosma, 
1991). The D2 element participates in several rearrange- 
ment events, including V-D2, Dl-D2, and D2-Jl joining. 
Double-strand breaks involving this element are quite 
abundant in mouse thymocytes, representing about 2% 
of thymocyte DNA (Roth et al., 1992a). D82, therefore, 
provides a particularly convenient model system for study- 
ing these potential recombination intermediates. A map 
of the TCR D62 and JSl elements is shown in Figure 1A. 
In previous studies, we used Southern blotting to dem- 
onstrate that only signal ends are detected in DNA from 
wild-type thymocytes (Roth et al., 1992a), whereas hairpin 
coding ends and signal ends are present at similar abun- 
dance in scid thymocytes (Roth et al., 1992b). Because 
the sensitivity of Southern blotting is limited, coding ends 
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might not have been detected even if their abundance 
approached 10% of that of signal ends. To search with 
greater sensitivity and to define more completely the na- 
ture of hairpin coding ends in scid thymocytes, we devel- 
oped a sensitive LMPCR-based technique to detect hair- 
pin coding ends. 
The LMPCR assay employs an oligonucleotide ligation 
primer to “tag” broken ends(Figure 16). After ligation, PCR 
is performed using a primer specific for D62 and a primer 
that hybridizes to the oligonucleotide tag. Because of the 
design of the ligation primer (blunt, with no 5’phosphates), 
the broken ends must be blunt and 5’ phosphorylated to 
undergo successful ligation. We have previously used this 
method to demonstrate that signal ends from wild-type 
thymocytes are blunt and 5’ phosphorylated, retaining all 
nucleotides present in the recombination signals (Roth et 
al., 1993). Signal ends have also been detected by LMPCR 
at immunoglobulin heavy and light chain loci in bone mar- 
row and thymus DNA (Schlissel et al., 1993). Hairpin cod- 
ing ends are not detected by LMPCR because the termini 
are covalently sealed and are, therefore, unable to react 
with the ligation primers. However, if the hairpins are 
opened by endonucleolytic cleavage, leaving blunt termini 
with 5’phosphates, ligation can proceed and the ends can 
be detected by LMPCR (Figure 1 B). 
As shown in Figure lC, standard LMPCR does not de- 
tect coding ends in scid thymocyte DNA, although signal 
ends are readily detected (lane 1; 119 bp product). How- 
ever, after treatment with mung bean nuclease, LMPCR 
reveals a substantial population of coding ends (Figure 
1 C, lane 3; 135 bp product). This suggests that mung bean 
nuclease is capable of opening hairpins precisely at the 
tip (between the two terminal nucleotides), leaving blunt 
ends with 5’ phosphates. Mung bean nuclease may also 
open some fraction of hairpin molecules a few nucleotides 
away from the tip, generating short 5’ or 3’ extensions. 
These species are not detected by LMPCR, as they cannot 
be ligated to the blunt ligation primers. To detect these 
molecules, DNA preparations were treated with T4 DNA 
polymerase (which fills in 5’ extensions and removes 3 
extensions) after the hairpin opening reaction. This treat- 
ment should allow all products of hairpin opening to be 
detected by LMPCR. Control experiments performed to 
verify the activity of T4 DNA polymerase are shown in 
Figure 1 D. Pretreatment of scid thymocyte DNA with mung 
bean nuclease and T4 DNA polymerase somewhat in- 
creases the amount of PCR product obtained from coding 
ends (Figure lC, lane 4), compared with mung bean 
nuclease alone (Figure lC, lane 3). This indicates that 
some hairpins are opened a short distance away from the 
tip, leaving short single-stranded extensions that can be 
converted to ligatable blunt ends by T4 DNA polymerase. 
Experiments using artificial oligonucleotide hairpins con- 
firm this interpretation, as short, self-complementary ex- 
tensions produced by opening hairpins away from the tip 
are not efficiently removed by either mung bean nuclease 
or nuclease Pl , but can be converted to blunt ends by T4 
DNA polymerase (E. B. Kabotyanski, C. Z., and D. B. R., 
unpublished data). As expected, T4 DNA polymerase pre- 
treatment does not affect signal ends, since the vast major- 
ityof signal ends in wild-type thymocytes are blunt (Roth et 
al., 1993). These resultsindicate that mung bean nuclease 
opens a substantial fraction of hairpins precisely between 
the two terminal nucleotides of the hairpin (see below for 
additional data). Similar results have been obtained with 
nuclease Pl (see below) and Sl nuclease (data not 
shown). The observation that roughly equivalent amounts 
of LMPCR products are obtained from coding and signal 
ends indicates that these nucleases open hairpins quite 
efficiently, as these results agree with our previous deter- 
mination of the relative abundance of these species by 
Southern blotting (Roth et al., 1992b). 
All Coding Ends Detected in scld Thymocytes 
Terminate In Hairpins 
Previous studies employed two approaches to demon- 
strate that coding ends terminate in hairpins: the resis- 
tance of these ends to exonuclease treatment and the 
unique electrophoretic mobility of molecules with hairpin 
termini in two-dimensional native/alkaline gels (Roth et 
al., 1992b). To verify that the coding ends detected by the 
mung bean nuclease-LMPCR assay are, in fact, hairpins, 
thymus DNA was pretreated with either exonuclease or 
phosphatase to inactivate all nonhairpin ends, followed by 
treatment with mung bean nuclease to open the hairpins 
(diagrammed in Figure 2A). As shown in Figures 28 and 
2C, both exonuclease and phosphatase treatment greatly 
reduce the amount of LMPCR product derived from signal 
ends, but coding ends are still readily detected. The ap- 
pearance of a small amount of signal end product in the 
phosphatase-treated sample after mung bean nuclease 
treatment (Figure 2C, lane 3) is discussed in the figure 
legend. This confirms that the coding ends detected by 
this method are covalently sealed. The virtually complete 
sensitivity of signal ends to exonuclease treatment agrees 
with our previous Southern blotting data (Roth et al., 
1992b), and indicates that the vast majority of these ends 
do not terminate in hairpins. 
Pretreatment with phosphatase or exonuclease also 
provides a useful method for screening large amounts of 
DNA for the presence of hairpin coding ends, where the 
generation of abundant PCR products from signal ends 
could interfere with detection of rare coding ends. Experi- 
ments using these assays are described in the following 
sections. 
Owing to technical factors, our previous Southern blot- 
ting experiments could not have detected a minor popula- 
tion of nonhairpin coding ends. To address this issue, we 
omitted mung bean nuclease treatment from the LMPCR 
protocol. As shown in Figures lC, 2, and 4, only signal 
ends can be detected by LMPCR in untreated DNA from 
scid thymocytes, in agreement with previous studies 
(Schlissel et al., 1993). No coding ends could be detected 
even when large amounts of DNA (up to 10 pg) were used 
in the reaction (data not shown). Therefore, unblocked 
blunt coding ends with 5’phosphates, if present, are much 
less abundant than signal ends in scid thymocyte DNA. 
Furthermore, coding ends with 5’ or 3’single-stranded ex- 
tensions are not detected as demonstrated by pretreat- 
ment with T4 DNA polymerase (Figure 1C). The LMPCR 
Figure 2. Pretreatment with Exonuclease and Phosphatase Confirms 
that Coding Ends in scid Thymocyte DNA Terminate in Hairpins 
(A) Schematic diagram of the methods used to detect hairpin coding 
ends. As shown on the left, hairpin coding ends are resistant to exo- 
nuclease, as they are covalently sealed. Exonuclease destroys mole- 
cules with nonhairpin termini, such as signal ends (Roth et al., 1992b). 
Therefore, resistance to exonuclease can be used to identify hair- 
pin termini. As shown on the right, hairpin structures are also resistant 
to treatment with phosphatase, which removes the L’phosphoryl group 
from signal ends. Treatment with mung bean nuclease opens the 
hairpins, exposing a 5’ phosphate (Laskowski, 1980), which allows 
the opened hairpins to be detected by LMPCR. Symbols are as in 
Figure 1. 
(B) Exonuclease pretreatment. Scid thymus DNA (1 pg) was treated 
with exonuclease, followed by LMPCR (lane 1; designated exo), dem- 
onstrating that exonuclease destroys signal ends. Scid thymus DNA 
(1 ug) was treated with exonuclease, followed by mung bean nuclease 
treatment to open hairpins, allowing coding ends to be detected (lane 
2). Scid thymus DNA (1 ug) without pretreatment, demonstrating that 
only signal ends are detected (lane 3). 
(C) Phosphatase pretreatment. Untreated scid thymus DNA (0.5 ug) 
was subjected to LMPCR (lane 1). Scid thymus DNA (1 ug) was pre- 
treated with phosphatase, greatly reducing the amount of LMPCR 
product obtained from signal ends (lane 2; designated tip). Phospha- 
tasetreated scid thymus DNA (1 ug) was digested with 88 U of mung 
bean nuclease for 2 hr. Digested DNA was then assayed by LMPCR 
(lane 3). The slight increase in the amount of signal ends detected 
after mung bean nuclease digestion of phosphatase-treated DNA is 
likely to be due to removal of small numbersof nucleotidesfrom broken 
ends by mung bean nuclease during the relatively long incubation 
used in this experiment (see Experimental Procedures). 
assay is capable of detecting signal ends using only 0.01 
ug of thymocyte DNA (see below). Therefore, we estimate 
that in the experiment shown in Figure 1C (in which 1 ug 
DNA was used), the assay could have detected nonhairpin 
coding ends at 11100 the abundance of signal ends. 
Coding Ends Are Not Detected 
in Wild-Type Thymocytes 
We took advantage of the LMPCR assay to search for 
both hairpin and nonhairpin coding ends in wild-type thy- 
mocytes with higher sensitivity. To assay for hairpin coding 
end8 in DNA from thymocytes of wild-type mice, DNA was 
treated with mung bean nuclease prior to LMPCR. No hair- 
pin coding ends were detected (Figure 38, lane 3) even 
when large amounts of thymus DNA (up to 10 ug) were 
examined (Figure3C). Since theefficiency with which hair- 
pin and nonhairpin endscan be detected is roughlyequiva- 
lent (see above), and since signal end8 can be detected 
in as little as 0.01 ug of thymocyte DNA, we conclude that 
the abundance of hairpin coding ends in these purified 
DNA preparations is at least three orders of magnitude 
below that of signal ends in wild-type thymocytes. 
To increase the sensitivity of the assay for hairpin ends, 
DNA was treated with phosphatase prior to mung bean 
nuclease treatment. This greatly decreases the amount 
of LMPCR product obtained from signal ends, so that rare 
products arising from coding ends could be detected on 
long autoradiographic exposures. Using this protocol, no 
hairpin coding ends were detected in up to 21 ug of thymo- 
cyte DNA (data not shown; see Figure 3E for similar experi- 
ment using scidl+ DNA). Treatment with exonuclease 
prior to opening hairpin8 with mung bean nuclease obliter- 
ates the signal ends (Figure 38, lane 4) a8 expected, and 
fails to reveal hairpin coding ends. These results indicate 
that relative to signal ends, hairpin coding ends are ex- 
tremely rare in wild-type thymocytes. 
Nonhairpin coding ends could result from opening of 
hairpins, or they could be produced directly by cleavage 
at recombination signals (see below). These molecules 
could either terminate in blunt ends or in single-stranded 
extensions. Blunt signal ends can be detected by LMPCR 
inaslittleas0.01 ugof thymocyteDNA(Figure3A) indicat- 
ing that this assay is at least 1 ,OOO-fold more sensitive 
than Southern blotting, which typically require8 10 ug of 
DNA (Roth et al., 1992a). However, no coding ends could 
be detected in wild-type thymocyte DNA (Figure 3A). Com- 
paring lane 8 with lane 2 of Figure 3A, one can calculate 
that blunt coding ends available for ligation must be at 
least 200-fold less abundant than signal ends, since signal 
ends from 0.01 kg of thymocyte DNA were detected in 
this experiment. Even when 10 trg of thymus DNA were 
assayed, coding ends could not be detected (Figure 3C). 
Based on these results, we estimate that blunt coding ends 
are at least 1 ,OOO-fold less abundant than signal ends. 
The possibility that blunt coding ends might be undetect- 
able owing to lack of 5’ phosphates was addressed by 
treating thymus DNA with T4 polynucleotide kinase prior 
to ligation. This treatment did not reveal coding ends (data 
not shown). Since single-stranded extensions would also 
block ligation, thymus DNA was pretreated with T4 DNA 
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Figure 3. Coding Ends Cannot Be Detected in Thymocytes of Wild- 
Type and scidl+ Mice 
(A) Wild-type thymocyle DNA (0.01-2.0 vg) was assayed by LMPCR. 
Mouse testis DNA was added as needed to adjust the total amount 
of DNA in the ligation reaction to 2.0 pg. with the exception of lane 3 
(designated by the asterisk), where no testis DNA was added. As a 
negative control, a mixture of 1 pg each of thymus DNA and testis 
DNA was taken through the entire LMPCR procedure, except that 
ligase was omitted. The amount of PCR product obtained increases in 
proportion to the amount of thymus DNA used in the LMPCR, indicating 
that the assay is semiquantitative, and can detect P-fold changes in 
the abundance of broken molecules (see Experimental Procedures). 
(6) Wild-type thymocyte DNA (1 pg in each lane) samples were sub- 
jected lo the indicated pretreatments (as described in Figure 2) and 
assayed by LMPCR. 
(C)Wild-type thymocyIe DNA (1,3, and 10 pg) was treated with mung 
bean nuclease and subjected to LMPCR. The faint species that mi- 
grates with an electrophoretic mobility slightly faster than that of the 
PCR product derived from the signal end was not observed in several 
other experiments. 
(D) Thymocyte DNA (1 pg) from mice heterozygous for the scid muta- 
tion was used to repeat the experiment shown in (B). 
(E) Lane 1 contains 0.6 pg of untreated scid/+ thymocyte DNA. In 
lanes 2-4, four 7 pg aliquots of scid/+ thymus DNA were treated with 
phosphatase, and DNA was purified by phenol extraction and ethanol 
precipitation. Samples were then treated with mung bean nuclease. 
For LMPCR we used 1 ug and 6 @g (from one aliquot) and 21 pg 
(combining the remaining aliquots). The presence of LMPCR products 
from signal ends in lane 4 is attributable lo incomplete action of phos- 
phatase on this relatively large amount of DNA (21 rg). The amount 
of product obtained from signal ends in this reaction is relatively small 
(compare with lane I), and does not interfere with the ability to examine 
the region of the gel where products from coding ends would migrate. 
polymerase to convert these termini to blunt ends. Again, 
no coding ends were detected (Figure 38, lane 2). Our 
experiments do not rule out the possibility that nonhairpin 
coding ends may be blocked in some other way, such as 
by covalently linked protein. 
The experiments shown here employ thymocyte DNA 
prepared from newborn wild-type mice. Since signal ends 
at D62 are somewhat more abundant in fetal than in new- 
born thymocytes (D. B. Ft., unpublished data), DNA prepa- 
rations from day 18-l 7 fetal thymocytes were examined 
for the presence of coding ends. No blunt or hairpin coding 
ends were detected (data not shown). Because coding 
ends are readily detected in thymocytes of young adult 
(2-4 month) scid mice, thymocyte DNA from wild-type 
mice of similar age was examined. No coding ends were 
observed (data not shown), indicating that the absence of 
hairpin coding ends in thymocytes of newborn wild-type 
mice is not simply due to the age of the animals. 
Coding Ends Are Not Detected In DNA 
From s&d/+ Mice 
One possible molecular explanation for the scid defect is 
that hairpin coding ends might be rendered inaccessible 
to the nuclease(s) normally responsible for hairpin opening 
due to protection by a hairpin binding activity. For exam- 
ple, the scid gene might encode a catalytically inactive 
hairpin endonuclease that remains capable of binding to 
hairpin ends. If this mutant enzyme were expressed in 
scid heterozygotes, coding ends with hairpin termini might 
accumulate to some degree in thymocytes of these ani- 
mals. We therefore examined thymocyte DNA from mice 
heterozygous for the scid gene (scid/+ mice) for the pres- 
ence of coding ends. Treatment with mung bean nuclease 
or with exonuclease followed by mung bean nuclease 
failed to reveal hairpin ends (Figure 3D, lanes 3-4). As 
shown in Figure 3E, phosphatase pretreatment followed 
by mung bean nuclease treatment failed to reveal hairpin 
termini even when substantial amounts of DNA (21 vg) 
were used for the assay. As expected, nonhairpin coding 
ends cannot be detected in scid/+ thymocytes (Figure 30, 
lanes l-2). Thus, there is no evidence that the abundance 
of hairpin coding ends is increased in thymocytes of scidl+ 
mice. 
The scid Mutation Does Not Affect the StNctUre 
of Signal Ends 
We examined the structure of signal ends to determine 
whether the scid defect might affect the precision of signal 
end formation or the processing of signal termini. In normal 
cells, joining of signal ends almost always proceeds with- 
out loss of nucleotides (Lieber et al., 1988). In scid Cells, 
varying degrees of nucleotide loss have been observed 
at signal junctions, particularly in studies using extrachro- 
mosomal recombination substrates, where loss of nucleo- 
tides from approximately 50% of signal junctions has been 
reported (Lieber et al., 1988). Nucleotide loss from signal 
junctions derived from integrated substrates or from en- 
dogenous antigen receptor gene rearrangements is much 
less frequent (Blackwell et al., 1989; Ferrier et al., 1990; 
Carroll et al., 1993a). These observations suggest that the 
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Figure 4. Signal Ends in scid Thymocyte DNA Are Full Length 
(A) Thymocyte DNA from scid mice (1 ug) was subjected to LMPCR. 
Half of the product was loaded in lane 1 (designated U; undigested) 
and the other half was digested with ApaLl and loaded in lane 2 (desig- 
nated A; ApaLl digested). To detect signal ends with single-stranded 
extensions, 1 pg of scid thymocyte DNA was pretreated with T4 DNA 
polymerase and assayed by LMPCR. Half was loaded directly (lane 
3) and half was digested with ApaLl (lane 4). The LMPCR product 
generated from intact signal ends is 119 bp; ApaLl digestion reduces 
the length to 94 bp. 
(6) Schematic illustrating the ApaLl digestion assay. Ligation of an 
intact signal end to the ligation primer creates a novel ApaLl restriction 
site (5’ GTGCAC). Deletion or insertion of even a single nucleotide at 
the signal end would not allow formation of the diagnostic restriction 
site. 
scid defect may impair the fidelity of the initial cleavage 
event, leading to formation of imperfect signal ends. Alter- 
natively, thescidmutation could result in abnormal nucleo- 
lytic processing of signal ends. To address these possibili- 
ties, we examined the structure of signal ends from scid 
thymocyte DNA at both low and high resolution. As shown 
in Figure 4A, blunt signal ends can be detected by stan- 
dard LMPCR in scid thymocytes, as reported previously 
(Schlissel et al., 1993). Note that a single discrete product 
is observed. Frequent loss of multiple nucleotides (as seen 
with extrachromosomal plasmid substrates) would gener- 
ate a smear or a family of products. Therefore, gross alter- 
ations of the signal ends are not observed in scid thymo- 
cytes. 
To examine the fine structure of signal ends, we em- 
ployed the ApaLl digestion assay (Roth et al., 1993) which 
detects the loss of even asingle nucleotide from the signal 
end. This technique is based on the observation that liga- 
tion of an intact signal end to the ligation primer generates 
a novel sequence recognized by the restriction enzyme 
ApaLl (Figure 4B). Therefore, loss of even a single nucleo- 
tide from a signal end will render the PCR product insensi- 
tive to digestion with ApaLI. Since virtually all PCR prod- 
ucts are sensitive to ApaLl (Figure 4A, lane 2) the vast 
majority of blunt signal ends in scid thymocytes must retain 
the entire nucleotide sequence of the recombination 
signal. 
To address the possibility that a population of signal 
ends might have lost nucleotides from only one strand 
(rendering them unligatable, and therefore undetectable 
by LMPCR), thymocyte DNA was treated with T4 DNA 
polymerase before ligation. LMPCR of this material gener- 
ates a single product that is similar in abundance to the 
product obtained without pretreatment (Figure 4A, lane 
3). Note that T4 DNA polymerase treatment does not pro- 
duce a smear or a family of bands, which would be ex- 
pected if a significant fraction of signal ends had suffered 
nucleotide loss from one strand. Virtually all of the PCR 
products obtained after T4 DNA polymerase treatment are 
sensitive to ApaLl (Figure 4A, lane 4) indicating that, as 
in wild-type thymocytes (Roth et al., 1993), all detectable 
signal ends in scid thymocytes are blunt and retain the 
complete nucleotide sequence of the recombination signal. 
Hairpin Coding Ends in scid Thymocytes Contain 
Intact Unmodified Coding Sequences 
Although the sequence of events leading to hairpin forma- 
tion is unknown, there are two obvious possibilities: either 
hairpin formation is coupled to formation of a signal end 
(coupled mechanism; Figure 6A) (Lieber, 1991; Roth et 
al., 1992b) or hairpins are formed after introduction of a 
double-stranded break generates signal and coding ends 
(uncoupled mechanism; Figure 6B). Since nucleotide loss 
or addition occurs frequently at coding joints, the uncou- 
pled model allows the possibility of end modification prior 
to hairpin formation. The D62 coding end studied here 
provides a useful system to examine this issue, as nucleo- 
tide loss is commonly observed at coding joints involving 
this coding end (Carroll et al., 1993a, 1993b; Fish and 
Bosma, 1994). 
The LMPCR products derived from the D62 hairpin cod- 
ing end migrate as a discrete band upon polyacrylamide 
gel electrophoresis (see Figure lC), indicating that modifi- 
cations, if present, consist of only a few nucleotides. To 
examine the structure of coding ends at high resolution, 
we designed a primer that creates a novel restriction site 
(recognized by AspHl or its isoschizomer HgiAI) upon liga- 
tion to a full-length coding end (Figure 5A). Ligation of this 
primer to an intact signal end also creates a sequence that 
is recognized by the same restriction enzyme, providing a 
convenient internal control for the completeness of diges- 
tion. As shown in Figure 58, the majority of the PCR prod- 
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Figure 5. High Resolution Analysis of Hairpin Coding Ends 
(A) Ligation primers were designed so that ligation to either perfect 
signal ends or perfect coding ends (generated by opening hairpins 
with mung bean nuclease or Pl nuclease) creates a novel site for the 
restriction enzyme HgiAl or its isoschizomer Asplil (5’ G (A/l)GC- 
(A/T)C). The predicted sizes of the digestion products are indicated. 
(B) Mung bean nuclease was used to open hairpin ends (33 U of 
enzyme, 45 min incubation at 37°C). These conditions do not convert 
hairpins to blunt ends as efficiently as the longer incubations used in 
the experiments shown in Figures 1 and 2, but are necessary to limit 
the removal of nucleotides from broken ends (see Experimental Proca 
dures). The expected sizes of the LMPCR products are as follows: 
undigested coding ends (coding), 135 bp; undigested signal ends (sig- 
nal), 119 bp; digested coding ends (coding/Asp or coding/Hgi), 110 
bp; digested signal ends (signal/Asp or signal/Hgi) 94 bp. Note that 
in this experiment, digestion with AspHl was not complete, as judged 
by the presence of a small amount of undigested signal ends. This 
could be due either to incomplete digestion or removal of nucleotides 
from a small fraction of ends by mung bean nuclease (see Experimen- 
tal Procedures). 
(C) Scid thymocyte DNA (1 pg) was digested with 1.8 U of PI nuclease 
to open hairpins; products were amplified by LMPCR. Lanes 2 and 3 
contain the LMPCR products before and after digestion with HgiAl, 
respectively. Since digestion of products derived from coding ends 
was complete, the small amount of undigested product from signal 
ends in lane 3 is judged to be due to inefficient recognition of the 
restriction enzyme site created by ligation to the signal end. This was 
cqnsistently observed using HgiAl (see Experimental Procedures). 
AspHI, an isoschizomer of HgiAl, was used for the experiment shown 
in (E), as this enzyme does not exhibit site preferences. 
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Figure 6. Models for Hairpin Formation at Coding Ends 
(A) In the coupled model, a nick is introduced precisely at the border 
between the recombination signal (triangle) and the adjacent coding 
element. Attack on the opposite strand, again precisely at the border 
between the signal and the cuding element, results in formation of a 
hairpin containing all nucleotides of the coding element. At the same 
time, a perfect blunt signal end is formed. 
(B) In the uncoupled model, double-strand cleavage at the recombi- 
nation signal liberates a free coding end as well as a signal end. It is 
presumed that the coding end is available for modification (addition 
or loss of nucleotides), which must occur very frequently to account for 
the large degree of modification at coding joints. Subsequent hairpin 
formation leads to formation of a covalently sealed coding end. 
ucts derived from hairpin coding ends opened with mung 
bean nuclease are susceptible to digestion with AspHI, 
indicating that most hairpin coding ends retain the com- 
plete unmodified nucleotide sequence of the D62 element. 
In these experiments, it is critical that the nuclease used 
to open the hairpins does not remove nucleotides from 
the coding ends, as this would result in loss of the restric- 
tion site. Prolonged incubation with mung bean nuclease 
can result in loss of nucleotides from broken ends (Las- 
kowski, 1980; unpublished data). Therefore, the incuba- 
tion time was reduced in the experiment shown in Figure 
56, resulting in a lower efficiency of hairpin opening. To 
obtain more efficient conversion of hairpins to blunt ends 
without loss of nucleotides, we employed Pl nuclease to 
open hairpins. Virtually all of the LMPCR products derived 
from these ends are susceptible to digestion with HgiAl 
(Figure 5C). These data indicate that the vast majority of 
D62 hairpin coding ends detected in scid thymocytes DNA 
is intact, without nucleotide addition or loss, and support 
a model involving a coupled mechanism in which hairpin 
formation is an early step. 
Discussion 
We have developed sensitive methods to characterize 
coding ends produced during rearrangement of TCR gene 
segments in mouse thymocytes. Hairpin coding ends are 
detected by converting them into ligatable blunt ends us- 
ing single strand-specific nucleases. The blunt ends are 
then assayed by LMPCR. Using this method, hairpin cod- 
ing ends are detected in thymocytes of scid mice at levels 
similar to the abundance of signal ends. However, hairpin 
coding ends are at least ltKl9-fold less abundant than sig- 
nal ends in purified DNA preparations from wild-type and 
scid/+ thymocytes. We cannot rule out the possibility that 
coding ends might be selectively lost during DNA prepara- 
tion; for example, owing to stable association with pro- 
tein(s). In the caseof hairpin termini, such associations are 
likely to be noncovalent and would therefore be unlikely to 
survive the DNA purification procedure (see Experimental 
Procedures). 
Several approaches were employed to search for non- 
hairpin coding ends in scid, scidl+, and wild-type thymo- 
cytes. No blunt coding ends could be detected, extending 
the results of previous studies of the TCRG locus (Roth et 
al., 1993) as well as of other loci (Schlissel et al., 1993). 
To detect coding ends with 5’or 3’extension.s DNA prepa- 
rations were pretreated with T4 DNA polymerase to con- 
vert these termini to blunt ends. To detect coding ends 
lacking aBphosphoryl group, thymocyte DNA was treated 
with T4 polynucleotide kinase prior to ligation. None of 
these treatments revealed coding ends, indicating that 
nonhairpin coding ends are exceedingly rare in thymo- 
cytes from both scid and wild-type mice. However, we 
cannot rule out the possibility that nonhairpin coding ends 
may exist in a form that is not detectable by the methods 
used in this study (for example, covalently linked to protein). 
The specific accumulation of hairpin coding ends we 
have observed at the TCRG locus in scid cells is also seen 
at other loci. For example, hairpin coding ends have been 
detected at the TCRP locus in scid thymocytes by two- 
dimensional gel electrophoresis followed by Southern 
blotting. Neither hairpin nor nonhairpin coding ends were 
observed in wild-type thymocytes, even though signal 
ends were readily detected (F. McBlane and M. Gellert, 
personal communication). Other workers have also re- 
ported that only signal ends could be detected by LMPCR 
at the immunoglobulin JH or J, loci in bone marrow cells 
from both wild-type and scid mice (Schlissel et al., 1993). 
Our analysis of signal ends produced in scid thymocytes 
indicates that virtually all are blunt and retain the entire 
nucleotide sequence of the recombination signal, as in 
wild-type thymocytes (Roth et al., 1993). These results 
indicate that the precision of cleavage at recombination 
signals is not affected by the scid mutation, Our data do 
not address the possibility that the fidelity of signal end 
joining might be adversely affected by the scid defect. 
However, previous analysis of signal junctions that incor- 
porate theend examined in thisstudy(Carroll et al., 1993a) 
failed to demonstrate frequent nucleotide loss. Therefore, 
while loss of nucleotides from signal ends is frequently 
observed in recombination of extrachromosomal recombi- 
nation substrates in scid cell lines (Lieber et al., 1988) it is 
not a universal feature of the scid phenotype. The reduced 
fidelity of signal joint formation in extrachromosomal sub- 
strates may be related to the transfection procedure. This 
is supported by the recent observation that the inclusion 
of alargeexcessof randomly broken DNA molecules in the 
transfection mixture stimulates loss of nucleotides from 
signal joints in a cell line containing a mutation that affects 
double-strand break repair (Pergola et al., 1993). 
Initial Cleavage and Hairpin Formation 
Is Conservative 
To obtain information about the structure of hairpin coding 
ends, we designed ligation primers so that a unique restric- 
tion site would be formed upon ligation to a perfect coding 
end. This allows the proportion of unmodified full-length 
coding ends in the population to be determined by simply 
testing the PCR products for the presence of the diagnos- 
tic restriction site. Another PCR-based method for de- 
termining the sequence of hairpin oligonucleotides has 
recently been described (Slack et al., 1994) although the 
use of this technique to examine coding ends associated 
with V(D)J recombination has not been reported. We find 
that virtually all hairpins formed by cleavage to the right 
of D62 (putative intermediates in joining to J61 or J62) 
contain the entire sequence of the coding element, without 
addition or loss of even a single nucleotide. This result 
strongly suggests that the hairpin coding ends in fact con- 
sist of chemically continuous DNA, as proposed previously 
(Roth et al., 1992b). These data also indicate that cleavage 
must occur precisely at the border between the recombina- 
tion signal and the coding element, and that formation of 
the hairpin involves precise joining of the two strands of 
the coding sequence. Thus, hairpin formation is a conser- 
vative reaction. The observation that signal ends are 
formed with similar precision indicates that the initial steps 
in V(D)J recombination (liberation of the signal ends and 
hairpin formation) are conservative. It follows that forma- 
tion of the characteristic asymmetrically modified junc- 
tions must be due to differential processing of coding and 
signal ends. 
Coding joints derived from the coding end examined 
here frequently exhibit modification of the D62 coding end 
in both scid and wild-type thymocytes (Lafaille et al., 1989; 
Carroll et al., 1993b; Fish and Bosma, 1994). The conser- 
vation of coding nucleotides in hairpin ends argues against 
a mechanism in which free coding ends are available for 
modification prior to hairpin formation. Our results support 
a coupled mechanism in which hairpins are formed directly 
by the cleavage reaction that liberates signal ends (Figure 
8A). Since such models postulate that recombination is 
initiated by attack on one strand adjacent to each of the 
two coding elements (Lieber, 1991; Roth et al., 1992b, 
1993) it will be interesting to determine whether nicked 
intermediates can be detected in scid or wild-type thymo- 
cytes. 
Codlng Ends as Possible Recombination 
lntermedlates 
Recent models of V(D)J recombination propose that hair- 
pin coding ends are reaction intermediates in wild-type 
cells (Lieber, 1991; Roth et al., 1992b). This hypothesis 
is based on the presence of a particular class of extra 
nucleotides, termed P nucleotides (Lafaille et al., 1989) 
at a significant fraction of coding joints (reviewed by Meier 
and Lewis, 1993). P nucleotides, which form inverted re- 
peats with respect to the coding ends from which they 
are derived, can be simply explained by a mechanism 
involving opening of a hairpin coding end away from the 
F$ing Ends in V(D)J Recombination 
tip, leaving a singlestranded extension that can be incor- 
porated into thejunction (Lieber, 1991; Roth et al., 1992b). 
The direct observation of hairpin coding ends in scid thy- 
mocytes (Roth et al., 1992b) supports this hypothesis. Re- 
cent experiments have demonstrated that artificial hair- 
pins introduced into mammalian cells can give rise to P 
nucleotide-like inserts (Lewis, 1994b). These data strongly 
suggest that P nucleotides are derived from hairpin coding 
ends. Since P nucleotides are found at only a subset of 
coding junctions (Meier and Lewis, 1993) it is not known 
whether hairpins are obligate intermediates that occasion- 
ally give rise to P nucleotide inserts, or whether there are 
two pathways for forming coding ends, only one of which 
generates hairpins. 
There are two obvious explanations for the lack of de- 
tectable hairpin coding ends in wild-type thymocytes: ei- 
ther hairpin formation is exceedingly uncommon, or the 
lifetime of hairpin coding ends is much shorter than that 
of signal ends. Analysis of coding joints derived from the 
082 coding end examined here suggests that hairpins are 
formed at a significant fraction of these ends, as from 5%- 
30% of DS2-J81 coding joints isolated from wild-type thy- 
mocytes contain P nucleotide inserts (Lafaille et al., 1989; 
Carroll et al., 1993b; Fish and Bosma, 1994). Therefore, 
hairpins are likely to occur at a significant fraction of D62 
coding ends, and yet they do not accumulate to detectable 
levels. This suggests that the lifetime of hairpin coding 
ends may be much shorter than that of signal ends. 
A similar argument applies to nonhairpin coding ends, 
which could be produced directly or be derived from open- 
ing of hairpins. Coding joints involving the D62 element 
are readily detected by Southern blotting in thymocytes 
of wild-type mice, and can even be observed (at reduced 
levels) in scid thymocytes (Carroll and Bosma, 1991; Roth 
et al., 1992b). However, nonhairpin D62 coding ends have 
not been detected. One possibility is that nonhairpin ends 
could be present in a form that is not detected by our 
assays, such as in a covalent linkage with protein. How- 
ever, in thiscase hairpin ends should still be detectable, as 
they are made available for ligation by nuclease treatment. 
The simplest explanation for the apparent absence of both 
hairpin and nonhairpin coding ends is that they are tran- 
sient intermediates in wild-type thymocytes. 
Several scenarios can be constructed to explain this 
proposed difference in the stability of coding and signal 
ends. Perhaps the simplest explanation is that different 
pathways are involved in joining coding and signal ends, 
so that the two reactions proceed at very different rates. 
An alternative possibility is that the relevant difference 
between these molecules involves the chromosomal con- 
text of the broken termini, rather than their identities as 
coding or signal ends. In the loci examined to date by 
Southern blotting, all detectable signal ends are present 
on linear molecules that have been excised from the chro- 
mosome (Roth et al., 1992a, 1992b; P. Nakajima and M. 
Bosma, personal communication). The joining of these 
ends (which would generate an extrachromosomal circle) 
may not be critical for survival of the cell. In contrast, cod- 
ing ends form the termini of chromosome fragments 
whose joining is presumably required for cellular survival. 
Therefore, these two types of ends may be treated differ- 
ently, and might be present in different populations of cells. 
This line of reasoning suggests that coding ends might 
accumulate in the excised linear DNA fragments that are 
presumably formed during inversional recombination. 
This possibility is currently being investigated. 
A third possible explanation for the paucity of nonhairpin 
coding ends in wild-type cells is that the coding ends might 
not be necessary for the formation of coding joints. A 
model for V(D)J recombination that involves introduction 
of double-strand breaks at signal ends but not at coding 
ends has been proposed (Kallenbach and Rougeon, 
1992). This model predicts that nonhairpin coding ends 
would be much less abundant than signal ends, in 
agreement with our results. However, to explain the pres- 
ence of P nucleotides the model invokes hairpin coding 
ends as alternative, perhaps minor, products in wild-type 
cells (Kallenbach and Rougeon, 1992). Therefore, hairpin 
coding ends (and perhaps opened hairpins) should still 
comprise an appreciable fraction of the events that give 
rise to coding joints in wild-type thymocytes. Since these 
are not observed, the most parsimonious explanation is 
that both hairpin and nonhairpin coding ends (generated 
de novo or from hairpin opening) are short-lived, so that 
it is not necessary to invoke an alternative recombination 
mechanism. 
Hairpins and the scfd Recombination Defect 
The accumulation of hairpin coding ends in scid thymo- 
cytes led us (Roth et al., 1992b) and others (Lieber, 1991, 
1992) to suggest that the sciddefect may block the open- 
ing of DNA hairpins. Recent studies have addressed this 
possibility by testing the ability of cultured cells from scid 
mice to open artificial hairpins introduced into cells by 
transfection (Lewis, 1994b; Staunton and Weaver, 1994). 
These experiments have failed to observe a defect in hair- 
pin processing, indicating that the scid mutation does not 
result in a general defect in the ability to open hairpins. 
However, these data do not rule out the possibility that 
the scid defect affects the processing of hairpin coding 
ends. For example, the nuclease(s) responsible for open- 
ing the transfected hairpins might not be present at the 
same time or in the same subcellular compartment as co- 
valently sealed coding ends. Alternatively, coding ends 
may exist as DNA-protein complexes assembled during 
V(D)J recombination that render the hairpins inaccessible 
to most nucleases. Because the hairpin coding ends may 
be specifically assembled into this hypothetical complex 
as a consequence of V(D)J recombination, experiments 
that test the opening of premade hairpin ends (which might 
not form the same type of DNA-protein complex as au- 
thentic coding ends) introduced into cells by DNA transfec- 
tion might not detect a &d-related defect in hairpin 
opening. 
The possibility that hairpin coding ends might normally 
exist in the form of a DNA-protein complex prompts us 
to suggest that the scid gene might encode a factor that 
facilitates the opening of hairpins in the context of such 
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a complex. Thus, the scid factor might be involved in “re- 
cruitment”of a hairpin opening nuclease into the complex. 
Alternatively, the product of the scid gene might be re- 
quired for disassembly of the putative DNA-protein com- 
plex, thereby making the hairpin ends available for pro- 
cessing. Recent experiments suggest that the Ku protein 
complex (which consists of Ku70 and Ku80 proteins) is 
involved in V(D)J recombination (Taccioli et al., 1994, and 
references therein), and it has been suggested that these 
proteins might protect broken ends from nuclease diges- 
tion (Taccioli et al., 1994). Indeed, Taccioli et al. (1994) 
have speculated that the scidgene might encode the cata- 
lytic component of the DNA-dependent protein kinase 
(~350) which is activated by associating with the Ku com- 
plex when it is bound to DNA. This raises the intriguing 
possibility that phosphorylation of one or more of the com- 
ponents of the (hypothetical) DNA-protein complex con- 
taining the hairpin coding ends may be required to make 
these ends available to the hairpin opening nuclease. Ac- 
cording to this model, the product of the scid gene may 
regulate the accessibility of the hairpin coding ends. 
An alternative explanation for the accumulation of cova- 
lently sealed coding ends in scid thymocytes is that the 
scid defect causes the overproduction of hairpins (Kallen- 
bath and Rougeon, 1992; Roth et al., 1992b). As an exam- 
ple, consider a model in which intermediates can proceed 
along two independent pathways: one that generates non- 
hairpin coding ends, and an alternate pathway that pro- 
duces covalently sealed coding ends. In scid cells, the 
primary pathway might be blocked, forcing the nicked in- 
termediates to proceed along the alternate pathway, re- 
sulting in the overproduction of covalently sealed coding 
ends. Precedents for this type of model are provided by 
the bacteriophage li integrase and yeast FLP recombinase 
systems, in which hairpin formation occurs when the nor- 
mal strand exchange pathway is blocked (Nash and Rob- 
ertson, 1989; Chen et al., 1992). 
Finally, we have considered the possibility that the scid 
gene product may not participate directly in recombina- 
tion, but instead may be involved in a regulatory function, 
such as controlling cell cycle checkpoints in response to 
DNA damage (Lin and Desiderio, 1993; Lewis, 1994a). 
This type of model predicts that hairpins might accumulate 
in situations where cell cycle arrest in response to DNA 
damage is abnormal, as in ~53 (-/-) mice. We have been 
unable to demonstrate accumulation of hairpins in thymo- 
cytes from these animals (C. Z., D. 6. Ft., and L. Done- 
hower, unpublished data), although this does not rule out 
the possibility that such a mechanism might be operating 
in scid mice. 
Experimental Procedures 
Mlco and Thymocyte DNA Preparations 
Mice homozygous for the scid mutation (C.B-17 scidlscid) used in this 
study were described previously (Roth et al., 1992b). BALB/c mice 
were used as normal controls (wild-type). Neonatal wild-type mice were 
used for most experiments because the abundance of molecules with 
signal ends at TCRS is higher in neonates than in young adults (Roth 
et al., 1992~). Mice heterozygous for the scid mutation were derived 
by mating CBl7scidlscidand C.B-17(+/+) animals. Thymocyte DNA 
preparations from three different litters of scid/+ animals, age 24 days, 
36 days, and 2 months, gave similar results. Genomic DNA samples 
were isolated from thymocytes of scid, scid/+. and wild-type mice as 
described previously (Roth et al., 1992a, 1992b). Cells were lysed in 
a buffer containing SDS, and samples were extensively digested with 
proteinase K in the presence of SDS prior to phenol extraction. 
Llgatlon-Medlated PCR Asseys 
This procedure was described previously (Roth et al., 1993). In brief, 
50-100 pmol of annealed ligation primers were mixed with untreated 
or pretreated DNA samples. Ligation was performed using 4 U of T4 
DNA ligase (Bethesda Research Laboratories) at 14OC overnight. 
Yeast tRNA was added as carrier, and DNA was purified by phenol 
extraction and ethanol precipitation and amplified using Taq DNA poly- 
merase (Amplitaq, Perkin-Elmer) in a PE 9600 thermal cycler (Perkin- 
Elmer) for 22 cycles as described (Roth et al., 1993). In most experi- 
ments, half of the PCR products were analyzed directly by 
electrophoresis through 6% polyacrylamide gels. Products were trans- 
ferred onto nylon membranes and hybridized with the DR2 oligonucleo- 
tide, which was end labeled with PP as described (Roth et al., 1993). 
Radiolabeled products were detected using a Molecular Dynamics 
Phosphorimager, which provides higher sensitivity and a more linear 
response than autoradiography using X-ray film. In some experiments, 
the PCR products were phenol extracted, ethanol precipitated, and 
analyzed by digestion with restriction enzymes (see below). To deter- 
mine the linear range of the PCR assay, products were quantitated 
using a Molecular Dynamics Phosphorimager. Quantitation of the PCR 
products shown in Figures 3A and 3C revealed that the amount of 
product is proportional to the amount of DNA in the LMPCR over the 
range of 0.01-10 ug. The titration experiment shown in Figure 3A was 
performed by serially diluting thymocyte DNA into testis DNA from 
BALBk mice (which does not contain double-strand breaks at TCRS) 
prior to ligation, maintaining the total amount of DNA at 2 pg. Similar 
results were obtained by serially diluting thymocyte DNA into TE (data 
not shown). 
Ollgonucleotldes 
Ligation primers were annealed as described (Roth et al., 1993). DR19 
and DR20 were used as ligation primers for detection and characteriza- 
tion of signal ends. Primers DR62 and DR63 were used for experiments 
involving HgiAl digestion to characterize coding ends. PCR products 
were detected by hybridization to the DR2 probe. DR6 was used for 
PCR amplification, in conjunction with either DR20 (signal ends) or 
DR63 (HgiAI digestion experiments). The sequences of these oligonu- 
cleotides are as follows: DRI 9, WCACGAAlTCCC-3’; DR20,5’-GCTA- 
TGTACTACCCGGGAAI-TCGTG-3’; DR62,5’-CTCGAATTCCCGG-3’; 
DR63,5”GCTATGTACTACCCGGGAGAG3’; DR2, S’GACAC- 
GTGATACAAAGCCCAGGGAA-A-3’; DR6,5’-TGGCTTGACATGCAGA- 
AAACACCTG-3’. 
Exonuclease, T4 DNA Polymerase, 
and Phosphatase Treatments 
Exonuclease treatment was performed as previously described (Roth 
et al., 1993). Genomic DNA samples or DNA samples pretreated with 
mung bean nuclease were treated with T4 DNA polymerass (BRL) in 
a buffer containing 50 mM (NH&SO,, 16.6 mM MgC12, 6.5 mM EDTA, 
10 mM 2-mercaptoethanol, 0.165 mg/ml of BSA, and 0.25 mM each 
of dATP, dlTP, dCTP, and dGTP. Samples were incubated at 37OC 
for 1 hr, and the reaction was terminated by phenol extraction. Phos- 
phatase treatment was performed on l-5 ttg of thymus DNA. Typically, 
2 U of calf intestinal phosphatase (Boahringer Mannheim Biochemi- 
cals) was used for incubation for 1 hr at 37OC in a buffer containing 
50 mM Tris-HCI (pH 6.5), and 1 mM EDTA. After incubation, two more 
units of phosphatase were added for an additional hour of incubation 
at55°C.Theenzymewasinactivated by incubating at65“Cfor IOmin, 
and DNA was purified by phenol extraction and ethanol precipitation. 
Analysis of Halrpln Coding Ends 
Hairpins were opened with mung bean nuclease or Pl nuclease. The 
maximum efficiency of hairpin opening was obtained by treating thy- 
mocyte DNA (5 pg) with 33 U of mung bean nuclease (GIBCO BRL) 
for 2 hr at 37OC in a buffer containing 10 mM Tris-HCI (pH 7.9) 10 
mM MgClr, 50 mM NaCI, 1 mM dithiothreitol, and 1 mM &SO,. This 
rather extensive treatment results in loss of small numbers of nuclso- 
tides from some ends (Laskowski, 1960; C. Z. and D. B. R.. unpub- 
lished data). Because this nucleotide loss complicates the interpreta- 
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tion of the HgiAl digestion experiments, the incubation time was re- 
duced to 45 min. Under these conditions, opening of hairpins is less 
complete, but the ends of the opened hairpins are preserved. This 
allows the integrity of these ends to be assessed by HgiAl digestion. 
Pl nuclease digestions were carried out at 37% for 1 hr using 1.6 U 
of PI nuclease (GIBCO BRL) in a buffer containing 50 mM NaAc (pH 
5.3). Compared with mung bean nuclease, this treatment results in 
more complete opening of hairpins, without significant loss of nucleo- 
tides from coding ends. 
Digeetion of PCR Products 
PCR products were purified as described above. Half of each reaction 
was digested with 20 U of ApaLl or HgiAl (New England Biolabs) at 
37% overnight. In many experiments, it proved difficult to obtain com- 
pletedigestion of PCR products from signal ends using HgiAl, although 
products from coding ends could be digested. According to information 
supplied by the manufacturer, HgiAl exhibits marked site preferences. 
Since the coding and signal end products produce different se 
quences. it seems likely that the incomplete digestion of signal ends 
reflects relatively poor cleavage of this sequence by HgiAl. This prob- 
lem was solved by using the isoschizomer AspHl (Boehringer Mann- 
heim Biochemicals), which, according to the manufacturer, does not 
exhibit site preferences. Digestions were carried out using 20 U of 
AspHl at 37% for several hours. 
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